We propose a supersymmetric extension of the standard model which is a realistic alternative to the MSSM, and which has several advantages. No "µ" supersymmetric Higgs/Higgsino mass parameter is needed for sufficiently heavy charginos. An approximate U (1) R symmetry naturally guarantees that tan β is large, explaining the top/bottom quark mass hierarchy. This symmetry also suppresses supersymmetric contributions to anomalous magnetic moments, b → sγ, and proton decay, and these processes place no lower bounds on superpartner masses, even at large tan β. The soft supersymmetry breaking mass parameters can easily be obtained from either gauge or Planck scale mediation, without the usual µ problem. Unlike in the MSSM, there are significant upper bounds on the masses of superpartners, including an upper bound of 114 GeV on the mass of the lightest chargino. However the MSSM bound on the lightest Higgs mass does not apply.
Introduction
Supersymmetric theories with softly broken supersymmetry have no quadratically divergent contributions to the Higgs mass, and so supersymmetry is hailed as a solution to the gauge hierarchy problem. In supersymmetric theories the W and Z masses are technically natural provided the superpartners have mass in the vicinity of the weak scale.
However in the Minimal Supersymmetric Model (MSSM) of particle physics there is a supersymmetric Higgs mass parameter, "µ", which must be of order the superpartner masses for successful phenomenology. It would seem to be a bizarre and unnatural coincidence that a supersymmetric mass should be of nearly the same size as the scale of supersymmetry breaking, unless both mass scales have a common origin. Most solutions to this "µ problem" focus on obtaining µ as a consequence of supersymmetry breaking, or obtaining both supersymmetry breaking and the µ parameter from common inputs.
In this paper we explore the consequences of a different approach to the µ problem, namely side-stepping this problem by building a viable model which does not have a µ parameter. We show that it is possible to obtain a spectrum of superpartner masses which is experimentally acceptable without µ, provided the matter content of the MSSM is extended. In this model, which we call the "µ-less Supersymmetric Standard Model" ( µSSM), all mass arises directly from supersymmetry breaking or from electroweak symmetry breaking, and since the Higgs potential is determined exclusively from supersymmetry breaking terms, the electroweak scale is directly tied to the scale of superpartner masses. In the MSSM, where both µ and supersymmetry breaking terms contribute to the Higgs potential, there is the logical possibility of fine-tuning the µ parameter against supersymmetry breaking parameters to make the superpartners much heavier than the weak scale. In the µSSM, such finetuning is not possible and the superpartner masses must be at the weak scale.
In the next section we discuss the model and its spectrum. Remarkably, there is an upper bound on the mass of the lightest chargino of 114 GeV, not far beyond the kinematic reach of the recently completed LEPII experiment and within reach of the TeVatron.
In section 3 we show how the supersymmetry breaking terms of the µSSM can arise from gauge mediation, when supersymmetry breaking in the messenger sector is mostly of the D−term type which respects an U (1) R symmetry. As discussed in sections 2, 5.2, and 6, such an approximate symmetry is desirable to suppress unwanted large contributions to the electroweak T parameter, b → sγ, and proton decay. In section 4 we show that the approximate U (1) R symmetry is also natural in the case of gravity mediated supersymmetry breaking, when the hidden supersymmetry breaking sector contains a gauge U (1) with a a nonvanishing D−term and no gauge singlets. In section 5.1 we compute the leading one-loop contribution to the electroweak T parameter. In sections 5.2 and 6 we discuss some other desirable consequences of the approximate U (1) R symmetry: naturally large tan β without the usual enhancement of supersymmetric contributions to g−2, b → sγ, and proton decay. In section 7 we discuss a messenger sector which renders the gauge mediated model compatible with gauge coupling unification, provided the messenger scale is less than ∼ 10 7 GeV.
The µSSM model and its low energy spectrum
We start with the principle that all mass terms arise directly either from electroweak symmetry breaking or from supersymmetry breaking. We therefore do not allow a supersymmetric µ term. The MSSM without a µ term would have charginos lighter than the W boson, which should have been found at LEP II, so we will have to extend the theory. We add the minimal matter content to the MSSM which will allow all charginos and visible neutralinos to obtain mass beyond the current limits. What these current limits are is somewhat ambiguous since experimental limits are model dependent and have not been studied for this model. We will assume that charginos should be heavier than 104 GeV, the kinematic reach of LEP II.
In the MSSM, the charginos arise from the charged spin 1/2 components of the Higgs superfields H 2 and H 1 , and gauge W ± fields. With no µ term the mass matrix is
wherem 2 is a supersymmetry breaking Majorana gaugino mass term and the off-diagonal entries break electroweak symmetry. For any value of tan β ≡ H 2 /H 1 this mass matrix always has an eigenvalue less than the W mass and so is ruled out by the LEPII chargino mass bounds. We will remedy this by adding matter which can mix with the MSSM charginos via supersymmetry breaking or electroweak symmetry breaking terms. The minimal such addition is a chiral superfield T which transforms as a triplet under the SU (2) gauge group, and is uncharged under the other gauge groups. We add a superpotential coupling
Now the chargino mass matrix is
whereM 2 is a soft supersymmetry breaking Dirac mass term. In the next sections we will show howM 2 can be generated from gauge mediation or from hidden sector supersymmetry breaking. Note that all the charginos can be made heavier than 104 GeV without a µ parameter. A potential problem with the superpotential coupling (2.2) is that the corresponding scalar trilinear can lead to a large electroweak T parameter. With a scalar trilinear A T H 2 T H 1 , the Higgs vevs induce a tadpole for the T scalar, which will then get a vev. An electroweak triplet vev is highly constrained by the electroweak T parameter. The tadpole for the scalar may be suppressed in three ways. First, the tadpole requires both the up and down type Higgs vevs and is suppressed at large tan β. Second, the scalar trilinear is prohibited by U (1) R symmetry. Third, trilinear terms are rather suppressed even in conventional gauge mediated models, arising only at 2 loops. All three suppressions are naturally present in a class of models arising from the nearly U (1) R symmetric gauge mediation we discuss in section 3, and the first two are present in the Planck scale mediated models discussed in section 4. Another potentially troubling scalar trilinear arises from the coupling of the triplet to the
, which is induced in both the models of supersymmetry breaking mediation we discuss. Sufficient suppression of the resulting tadpole will be possible if the mass of the T scalar is larger than a few TeV. In the gauge mediated models, a very large mass for the scalar, of order several TeV, is automatic.
At this point the reader might worry that an approximate U (1) R symmetry will lead to a nearly massless Goldstone boson. However we will not spontaneously break the symmetry (actually a linear combination of the original U (1) R and electroweak hypercharge will remain unbroken). This unbroken symmetry would require tan β → ∞, but we will explicitly break the symmetry by a small amount so that H 2 can get a small vev to give the leptons and down-type quarks mass.
We now turn to a discussion of the spectrum of the model, from the bottom up. We start by giving the charge assignments of some of the components of Higgs and electroweak gauge fields under the unbroken U (1) R :
It is also possible to assign U (1) R charges to quarks and leptons to allow the usual MSSM superpotential coupling.
With this U (1) R unbroken the chargino mass matrix becomes
The eigenvalues of this matrix are: 
This will get modified slightly by small U (1) R breaking effects, which will get us away from the limit tan β → ∞ and set tan β to a moderate value ∼ 60. In this limit there is one chargino with massM 2 and another chargino whose mass decreases withM 2 . To obtain masses for all charginos heavier than 104 GeV, while assuming h T < 1.2,M 2 must be in the range 104-120 GeV. Moreover, the requirement, that all charginos should be heavier than 104 GeV leads to a lower bound on the Yukawa coupling, h T > ∼ 1. Note that √ 2m W = 114 GeV is an upper bound on the mass of the lightest chargino. Thus in the region where all charginos are heavier than 104 GeV we have two charginos with mass between 104 and 120 GeV and one heavier one.
We plot in Fig. 1 the lighter chargino masses as a function ofM 2 , for h T = 1, tan β = 60 andm 2 = 5 GeV. In the range ofM 2 where all charginos are heavier than 104 GeV the mass of the heavier chargino is ∼270 GeV.
We now turn to the neutralino sector. In order to give the Bino a Dirac mass, analogous to the Wino mass term, we will add a singlet chiral superfield S to the theory, and a coupling h S SH 1 H 2 to the superpotential. This is reminiscent of the NMSSM, but in the present case the expectation value of the S scalar will be much smaller than the electroweak scale. Alternatively, the singlet could be omitted, resulting in a nearly massless neutralino. Quantitative exploration of this more economical alternative has led us to the conclusion that it is difficult to simultaneously satisfy the constraints on the invisible width of the Z and the T parameter without the singlet, so we will describe the theory with the singlet included. The neutralino mass matrix is then:
In the large tan β, U (1) R symmetric limit the masses become approximately Dirac, with a mass matrix of the form
Note that in this limit there is always a nearly Dirac neutralino with mass lighter than the Z. In Fig. 2 we show the neutralino masses as a function of the soft mass termM 1 , for M 2 = 104 GeV, h T = 1 and h S = 0.1. In principle the Yukawa coupling h S is a free parameter, but large values are disfavored by electroweak precision measurements (see section 5.1). We have taken all Majorana gaugino masses equal to 5 GeV and tan β = 60.
Notice that in certain regions of parameter space the lightest quasi-Dirac neutralino is lighter than m Z /2, thus the decay of the Z to these neutralinos is kinematically allowed. The resulting increase in the width of the Z is typically very small, due to the fact that the lightest neutralino has only a small higgsino component.
In order to allow a gluino mass without breaking the R-symmetry we also introduce a chiral superfield O, which is a color octet, and a supersymmetry breaking Dirac mass term
where λ 8 is the gluino field. The scalar superpartners receive soft supersymmetry breaking masses as usual. Trilinear scalar couplings are suppressed by U (1) R and quite small. A very small scalar µB term of order a few GeV 2 µBH 1 H 2 (2.12) will be needed in order to induce a small vev for H 1 . It is natural for this term to be small as it breaks the approximate U (1) R symmetry. Speculations on the origin of these supersymmetry breaking terms are the subject of the next two sections.
U(1) R Symmetric Gauge Mediation
In this section we assume that supersymmetry breaking is transmitted to the µSSM by Gauge Mediated Supersymmetry Breaking (GMSB). As usual, we assume a messenger sector of heavy supermultiplets in a vector-like representation of the standard gauge group. In conventional gauge mediation, the messengers learn about supersymmetry breaking from coupling to a gauge singlet with an F −term. This transmits both supersymmetry breaking and U (1) R symmetry breaking to the MSSM. Since we want an approximately U (1) R symmetric µSSM, we will assume the messenger sector does not contain any singlet. Instead supersymmetry breaking in the messenger sector is primarily mediated by some new gauge group also carried by the messengers. Such mediation will primarily induce nonholomorphic scalar supersym-metry breaking masses in the messenger sector. Note that it is simple to construct theories with new gauge interactions carried by the messenger fields which produce such soft masses in the messenger sector [1, 2] .
For simplicity, in this section we assume the usual messenger matter content of chiral superfields L,L, D,D where L,L transform under SU (2) ⊗ U (1) in conjugate representations and D,D carry color. In section 7 we will give examples of representations which allow for successful coupling constant unification.
In order to obtain Dirac gaugino masses, S, T and O must couple to the messengers. The messenger superpotential is
The supersymmetric mass parameters M L and M D can be much heavier than the weak scale, and we will not discuss their origin here. The mass matrix for, e.g. the L,L scalar fields will have the following form
are soft supersymmetry breaking masses. However, with no messenger singlet, to leading order the messenger sector will accidentally have unbroken U (1) R symmetry, and no Majorana gaugino masses will be produced. In the models of refs. [1, 2] , the lack of one loop Majorana gaugino masses was a phenomenological problem. In the µSSM, however, at one loop, the gauginos couple to the fermionic components of T, O and S and get a Dirac supersymmetry breaking mass.
Note also that provided the D−type masses are generated by new gauge interactions whose generators are orthogonal to electroweak hypercharge, i.e.
the disaster of generating a D-term for hypercharge at one loop is avoided. There are two diagrams contributing to Dirac gaugino masses, which cancel in the limit
. Defining the mass-squared ratio of scalar particles to fermion as
we find Dirac massesM 2,3 of
where S L,D are the Dynkin indices of the L, D representations respectively. Similarly,M 1 will receive contributions from both L and D.
In the limit that the supersymmetry breaking terms are much smaller than M L , the result isM
If the mass squared differences are regarded as arising from a D component of a U (1) gauge field W ′ , then these graphs may be regarded as generating a supersymmetric operator
where M is the messenger mass scale, W 2,3 are the electroweak SU (2) and SU (3) gauge field strengths and ξ 1,2,3 are dimensionless numbers. Note that supersymmetry breaking scalar trilinear couplings of the T, O, S scalars to the D components of the MSSM gauge fields, which are contained in the operator (3.8), are also generated by gauge mediation, as are the operators
These operators will give masses squared of opposite sign to the scalar and pseudoscalar components of S, T, O. Because of the large positive gauge mediated mass for the spinless components of S, T, O, an additional negative contribution to one of the masses squared is not troublesome. The masses of scalar µSSM particles may be found as a special case of the general expressions computed in [3, 4] . Note that obtaining positive squark and slepton masses will require negative supertrace in the messenger sector,
With a negative supertrace of messenger sector masses squared, the scalar components of T, S, and O will receive a large positive mass squared at one loop and will therefore be significantly heavier than the other superpartners. This mass is of order a loop factor times the soft masses in the messenger sector, and is not suppressed by the messenger mass scale. The T and O scalar masses should not be much larger than 10 TeV, or they will give excessive two loop contributions to squark and slepton masses. The messenger mass scale should therefore be below 10 6 GeV.
Gauge mediated models have a generic µ problem. It is quite difficult in gauge mediation to induce a µ parameter which is naturally related to supersymmetry breaking, without inducing an excessively large Bµ parameter [6] . The µSSM avoids the µ problem as there is no need for µ and B to be of the same order of magnitude, and both can be much smaller than the weak scale.
It is a simple matter to induce the very small Bµ term needed for tan β < ∞. For instance the messenger sector could contain a very heavy gauge singlet field S ′ with a coupling S ′ H 1 H 2 . If multi loop effects induce a small vev and F -term for S ′ from the supersymmetry breaking in the messenger sector the requisite Bµ term can be induced. The µ term from S ′ will be quite small, and of no phenomenological importance.
µSSM with Hidden Supersymmetry Breaking
The µSSM model with the requisite approximate accidental U (1) R symmetry may also arise in hidden sector models where the dominant mediation mechanism is from Planck scale physics. In this section we will show that the approximate U (1) R is quite natural when the hidden supersymmetry breaking sector does not contain any gauge singlets, but does have a gauged U (1) with a nonvanishing D−term. Gravity mediated U (1) R symmetric supersymmetry breaking has been considered before [7] [8] [9] [10] . Refs. [7, 8] introduced the O but not the T and S fields, and always predicted a chargino lighter than the W , hence are now now ruled out. Ref. [9] introduced also a pair of T fields, and mentioned a possible supergravity origin for Dirac mass term in theories with hidden dynamical supersymmetry breaking.
Following ref. [9] , we assume that a hidden supersymmetry breaking sector contains some gauge interactions, including a U (1) with a gauge field strength W α which has nonvanishing D−term, and chiral superfield(s) X which are charged under the hidden sector gauge symmetry, which obtain F -terms. The '4-1' [11, 12] theory of dynamical supersymmetry breaking is a good example of such a model.
We allow the most general gauge invariant nonrenormalizable interactions between the hidden and the µSSM visible sectors (consistent with enough approximate flavor symmetry to adequately suppress flavor changing neutral currents). There are no gauge invariant terms linear in X, hence any Majorana gaugino masses or A trilinear scalar couplings will be suppressed. The Dirac gaugino masses arise from
The D component of W ′ , which we call D ′ , will givẽ
Scalar masses arise in the usual way from the operators
where Q is an µSSM chiral superfield. For F X ∼ D ′ these should be the same approximate size as the gaugino masses. There will also be an anomaly mediated [13, 14] contribution to Majorana gaugino masses and scalar trilinears. These effects are down by a loop factor but will communicate U (1) R symmetry breaking.
The Bµ term can arise from the coupling
There is no necessary reason why this term should be smaller than the electroweak scale, but as it breaks the R-symmetry it is quite natural in the sense of 'tHooft that it should be small. Note that a µ and a Bµ term with B = m 3/2 will also arise if H 1 H 2 appears in the Kahler potential [13] but again the approximate R symmetry makes it natural for this term to be small.
Kinetic mixing between hypercharge and the hidden U (1) must be suppressed, as it would lead to a large hypercharge D−term. Also potentially dangerous are terms linear in the singlet S such as
which could give the singlet scalar a large tadpole. The necessary suppressions can be guaranteed by symmetries and nonrenormalization theorems, provided hypercharge is unified into a nonabelian group, and provided S, along with T and O, is part of an adjoint of the unified group.
SUSY contributions to precision electroweak parameters

T parameter
The approximate U (1) R symmetry of the µSSM model and/or a heavy mass for the triplet scalar provides sufficient suppression of the tree level contribution to the electroweak T parameter. However the superpotential couplings h T T H 1 H 2 and h S SH 1 H 2 break custodial SU (2) symmetry and thus can lead to potentially large one-loop effects in the T parameter. One should keep in mind that the oblique approximation is not appropriate for light superpartners, and the complete supersymmetrtic one-loop corrections in this model should be considered. Such computation is clearly beyond the scope of the present work, so we shall interpret our results for the T parameter as an order of magnitude estimate of the radiative corrections expected in the µSSM model. As we will see, the effects can be sizeable. We work in the large tan β limit. The main contributions to the T parameter come from chargino and neutralino loops in the Z and W self-energies. The complete expression is rather cumbersome and can be evaluated only numerically, however we have found that the approximation of keeping just the entries proportional to h T , h S in the chargino and neutralino mass matrices is quite good and leads to simple analytic results. In this limit we obtain
S /h 2 T and the renormalization scale µ should be taken to be m Z . Eq.(5.1) shows that the leading contribution to the T parameter grows as h 2 T log(h 2 T v 2 /µ 2 ) and it is therefore very sensitive to the exact value of the coupling h T . Recall that there is a lower limit on this coupling from chargino masses. Although the singlet coupling h S also contributes to the T parameter, its contribution is negligible provided h S < ∼ 0.1 and we will ignore it in the following.
There is also a T parameter contribution from the scalar sector, due to the mass splitting between the different SU (2) components of the Higgs doublet H 1 and the triplet T . This contribution is not enhanced by the log µ 2 term though, and can be made very small by the soft supersymmetry breaking scalar masses.
From a global fit of the electroweak precision data one obtains T = −0.02 ± 0.13(+0.09), where the central value assumes M H = 115 GeV and the parentheses shows the change for M H = 300 GeV [15] . This bound can be relaxed for larger M H , leading to T < ∼ 0.6 at 95% CL [16] .
If we impose the kinematic limit from LEP II that charginos should be heavier than 104 GeV, h T ∼ 1 and the contribution to the T parameter is huge, ∼ 2.7. However if the actual bound on chargino masses in this model were somewhat lower, say 90 GeV, we would obtain h T > ∼ 0.6 which leads to T ∼ 0.6. Therefore, given the large sensitivity of the T parameter to the value of h T , a careful calculation of the chargino mass bounds is crucial to determine the viability of the µSSM model.
Moreover, the determination of the T parameter comes mainly from the Z width. As we have mentioned in section 2, in certain regions of parameter space the Z can decay to the lightest nearly Dirac neutralinos, and the above bounds on the T parameter will not directly apply.
Muon anomalous magnetic moment
In the µSSM model, the approximate U (1) R symmetry suppresses the supersymmetric contributions to anomalous magnetic moments, b → sγ, and proton decay. As an example, we have explicitly computed the contribution to the anomalous magnetic moment of the muon, a µ . The measurement of a µ by the g − 2 collaboration [17] is consistent with but slightly higher than the Standard Model prediction, a exp µ − a SM µ = (16 ± 20)10 −10 , if one uses a had µ = (697 ± 10)10 −10 for the hadronic polarization contribution [18, 19] and a lbl µ = (13 ± 9)10 −10 for the hadronic light-by-light contribution [20] . (Many recent model dependent calculations quote a smaller value with less theoretical uncertainty in the hadronic contribution to light by light scattering [21] [22] [23] [24] [25] [26] [27] . These have been argued to be too optimistic in refs. [20, 28] .)
The supersymmetric contributions to a µ [29, 30] include loops with a chargino and a muon sneutrino and loops with a neutralino and a smuon. Besides the chargino and neutralino mass matrices given in section 2, we also need the smuon mass matrix. Note that the trilinear A is expected to be small in this model. We will take it to be real, as would occur it it is generated by anomaly or gauge mediation. 2) and the sneutrino mass
where we have used the notation c 2β ≡ cos 2β.
Performing the summation over all chargino, neutralino and smuon mass eigenstates, the result for a µ reads
where i = 1, . . . , 6, k = 1, 2, 3 and m = 1, 2 are neutralino, chargino and smuon mass eigenstate labels respectively,
and the loop functions F N,C i (x) can be found in the appendix. In the U (1) R symmetric limit, the contributions to a µ proportional to the neutralino and chargino masses exactly vanish, and there is only a tiny effect proportional to m µ . However, once we take into account the small U (1) R symmetry breaking effects, the leading contribution comes from the terms with the neutralino and chargino masses, much as in the MSSM. There are two kinds of corrections, approximately of the same order: terms proportional to the gaugino Majorana masses, ∼ few GeV and terms proportional to v 1 (∼ 4 GeV for tan β = 60).
In Fig. 5 .2 (left) we show the maximum possible value of δa µ in the µSSM model as a function of the soft supersymmetry breaking mass term m L , for several values of the gaugino Majorana masses. We have taken all of them equal, but the results are not very sensitive to this particular choice. We have fixedM 1 = 100 GeV,M 2 = 110 GeV, A = 0, m R = 100 GeV and tan β = 60. These values of the soft supersymmetry breaking parameters are consistent with the constraint that all charged superpartners are heavier than 100 GeV. In Fig. 5 .2 (right) we have plotted the maximum possible value of δa µ as a function of tan β, for m L = 100 GeV and the same values of the remaining parameters.
As we discussed in sec. 2, the allowed range ofM 2 , h T and h S for successful phenomenology is quite constrained, so there is not significant dependence of δa µ on these parameters. We also observe that the neutralino contribution is approximately independent ofM 1 .
Regarding the dependence of δa µ on the soft masses m L , m R , we find that for m L ≈ m R the contribution from chargino loops is typically larger than the neutralino one by about µ ≈ δa χ ± µ and as we see in Fig. 5 .2, the total δa µ is about one order of magnitude smaller than for m L = m R = 100 GeV.
We have performed an analytic approximation, in order to better understand the numerical results. Since the chargino contribution is typically dominant we focus on this one. We have diagonalized the chargino mass matrix in the large tan β limit. Then we consider the U (1) R symmetry breaking entries as perturbations, and diagonalize the complete matrix to first order in the small parametersm 2 , v 1 . We obtain 6) where in the limit m W ≪ h T v,M 2 the coefficients A, B are given by
with
where we have defined
From the approximate expression (5.6) we see that although the contribution to a µ in the µSSM model is also enhanced for large tan β, it is suppressed by the small gaugino Majorana masses and therefore much smaller than in the MSSM.
Proton Decay
One advantage of a U (1) R symmetry is that a large ratio of Higgs vevs H 2 /H 1 becomes natural, explaining the ratio of top to bottom quark masses in terms of an approximate symmetry. Thus a large number of supersymmetric processes which are normally dangerously large in the large tan β limit become suppressed. One of the most significant suppressions is of proton decay from dimension 5 operators.
In the MSSM, dimension 5 operators in the superpotential of the formℓ andūūdē can lead to rapid proton decay and must be quite suppressed. These are dangerous even if associated with an inverse power of the Planck scale and with the same small parameters which suppress the light quark and lepton masses. However in the U (1) R symmetric limit, such supersymmetric operators do not lead to proton decay, since a linear combination of baryon number and U (1) R charge remains unbroken. The proton decay rate is thus suppressed by a welcome factor of the square of ratio of the R symmetry breaking terms to the R symmetric supersymmetry breaking terms, a factor of approximately 1/ tan 2 β ∼ 4 × 10 −4 .
Unification of couplings
One rational for supersymmetry is coupling constant unification. If we add matter to the MSSM in incomplete multiplets under the unifying group the usual successful prediction of s 2 W ≈ .23 may be lost. In the µSSM we have added matter in the adjoint representation of U (1) ⊗ SU (2) ⊗ SU (3), which will not preserve the usual prediction. It is, however a simple matter to embed the T, S and O fields into a complete adjoint multiplet of a GUT such as SU (3) 3 [31] or SU (5) [32] .
It would be economical, although not necessary, to have the other fields of the multiplet serve as the messenger fields of a gauge mediated model.Thus we could take the messenger multiplets to transform under the standard SU (3)⊗SU (2)⊗U (1) gauge group as any number of complete unified multiplets plus in addition a multiplet transforming either as
or as (3, 2, −5/6) + (3, 2, 5/6) .
There is an upper bound on the mass scale of the new fields for unification will be preserved, with the usual one loop result being obtained in the limit where all fields are at the electroweak scale. However the resulting constraint is very mild.
If one assumes all the µSSM superpartners are at the weak scale, and computes the oneloop running neglecting threshold effects, one can fit the scales of the new matter multiplet and GUT to the low energy gauge coupling constants. The result is
By taking values for the coupling constants at the edge of their allowed ranges, e.g. α(M Z ) = 1/127.7, α s (M Z ) = 0.122, and s 2 W = 0.233 the additional matter fields can be as heavy as 3×10 7 GeV and the GUT scale as high as 10 18 GeV. Threshold effects at the GUT, messenger and µSSM scales and higher loop corrections make order one changes in these predictions. This constraint is less stringent than the upper bound on the messenger scale found in section 3.
It is tempting to speculate on an extra dimensional origin for such split adjoint matter multiplets. After all, extra dimensional theories in which gauge bosons live in the bulk and chiral matter fields live on a three brane typically have additional matter fields in the adjoint representation when described four dimensionally, unless the extra dimension is orbifolded. The adjoint fields might be N = 2 superpartners of the gauge fields. We will leave aside such model building issues here, but these will be explored in ref. [5] .
Summary
We have proposed a viable supersymmetric model without a µ parameter, by extending the matter content of the MSSM. Charginos, neutralinos and gluinos get supersymmetry breaking Dirac mass terms by mixing with, respectively, the fermionic components of a SU (2) triplet chiral superfield, a singlet chiral superfield, and a color octet. The µSSM can naturally arise from either gauge or gravity mediation, if the supersymmetry breaking sector respects an approximate U (1) R symmetry. Such an approximate symmetry can easily arise by accident, as a consequence of the absence of any gauge singlet chiral superfields with F −terms in the supersymmetry breaking or mediation sector.
We have studied aspects of the phenomenology of the model, which contains two light charginos with masses within the reach of the TeVatron, and a quasi-Dirac neutralino lighter than the Z boson.
A very strong constraint on the µSSM model comes from the contribution to the electroweak T parameter. In the absence of a µ term, the superpotential coupling h T in (2.2) should be large for the charginos to be heavier than the current experimental limit from LEP II. This coupling breaks custodial SU(2) symmetry and gives the main contribution to the T parameter. The size of this correction is directly correlated with the chargino mass bounds, so it would be very interesting to find the experimental bounds on the chargino masses in this particular model, since the existing ones for the MSSM are not applicable.
We have also computed the supersymmetric contribution to the muon anomalous magnetic moment within this model. We find a strong suppression due to the approximate U (1) R symmetry; as a consequence, the effect is small even for large values of tan β.
The MSSM bound on the lightest Higgs mass does not apply, though, since the scalar sector is also enlarged by the scalar components of the SU (2) triplet and scalar chiral superfields, and there are new, F component contributions to the Higgs quartic coupling.
There are many aspects of this model deserving further study such as the most effective search strategies for the superpartners, a more complete, predictive and explicit gauge mediated origin for the supersymmetry breaking parameters, the origin of the approximate U (1) R symmetry and of the small explicit breaking terms, and whether the required fields and symmetries could be obtained from extra dimensions.
Appendix
The left-and right-muon-smuon-neutralino and muon-sneutrino-chargino vertices which appear in δa µ , eqs. (5.4), (5.5), are given by . 4) where N, U, V, X are the unitary transformations that diagonalize the neutralino, chargino and smuon mass matrices, i.e. they satisfy and are normalized so that F N i (1) = F C i (1)=1 (i = 1, 2), corresponding to degenerate sparticles.
